Invasion of human erythrocytes by the malaria parasite
In contrast, EBA-175, which is highly polymorphic in region II, shows no variability in its ability to bind to its receptor, glycophorin A. Combined, these data highlight the importance of sequence variability in EBAs as driven by immune selection but not by receptor specificity.
Erythrocyte invasion by the blood-stage malaria parasites is a multistep process involving specific interactions between ligands of the merozoites and receptors on the red blood cell (3) . Two protein families play central roles in this process: the Duffy binding-like (DBL) and reticulocyte binding-like protein families, binding to specific red blood cell receptors and initiating a cascade of molecular events resulting in merozoite entry (1, 2) . Plasmodium falciparum, the most virulent human malaria agent, has a higher degree of flexibility in utilization of specific receptor-ligand interactions than other plasmodia, such as P. vivax, which relies on interaction of Duffy binding protein to reticulocytes (20, 32) . In contrast, P. falciparum has multiple members of the DBL (1, 2) and reticulocyte bindinglike (1, 40) proteins, enabling interaction with independent receptors, defined as alternative invasion pathways (10, 31, 33, 38, 39) .
Three functional P. falciparum DBL proteins have been characterized: erythrocyte binding antigen 175 (EBA-175; MAL7P1.176) (43) , EBA-140 (also known as BAEBL; MAL13P1.60) (28, 45) , and EBA-181 (19) (also known as JESEBL; PFA0125c) (1) . These proteins consist of structured domains, including the F region (region II) subdivided into two related domains, F1 and F2, involved in receptor binding (1) .
EBA-175 binds to glycophorin A (GYP A) in a sialic aciddependent manner (43) and plays an important role in invasion, as evidenced by the ability of antibodies to partially inhibit invasion (37) . The three-dimensional structure of the F1/F2 region has been solved, and the presence of three putative glycan binding sites that form between the interfaces of a protein dimer has been demonstrated (46) . EBA-175 is not absolutely essential for merozoite invasion, as the gene can be disrupted, which in some strains selects for a switch in receptor utilization to a process not requiring sialic acid (14, 41) .
The EBA-140 ligand binds to glycophorin C (GYP C) (26, 27, 29) , mediating a distinct invasion pathway into human erythrocytes (27) . Functional analysis of EBA-140 knockout parasites suggests that this ligand is promiscuous, binding to GYP A and glycophorin B (GYP B), although at greatly reduced levels compared to its binding to GYP C (27) . However, despite this promiscuity, EBA-140's interactions with GYP A and B do not contribute measurably to invasion (27) . Expression of the F1 and F2 region of EBA-140 on COS cells suggested that polymorphisms within this ligand, characterized for different strains of P. falciparum, alter receptor binding specificity (29) . Certain expressed variant forms were reported to bind to neuraminidase-treated erythrocytes, suggesting that the receptor was not GYP C and that different P. falciparum strains might have multiple invasion pathways dependent on polymorphisms in EBA-140. The same experimental approach has been used to demonstrate that polymorphisms of EBA-181 alter its receptor specificity (30) . While the exact identity of the EBA-181 receptor on the erythrocyte is unknown, its receptor specificity can be defined based on enzyme sensitivity of its binding to red blood cells (neuraminidase sensitive, trypsin resistant, and chymotrypsin sensitive but distinct from GYP B) (18) . EBA-181 binds to erythrocyte membrane protein 4.1, although the significance of this observation in vivo is not known, since protein 4.1 is located inside the erythrocyte (23, 24) .
To address the role of EBA-140 and EBA-181 polymorphisms in merozoite invasion, we analyzed parasite strains expressing distinct allelic forms of these ligands. We show that polymorphisms in EBA-140 and EBA-181 alter the level of binding to receptors but, critically, do not alter specificity. Furthermore, and consistent with this observation, we show a direct correlation between decreased EBA-140 binding and the importance of its function during merozoite invasion.
MATERIALS AND METHODS
Parasites, parasite culture supernatant, and binding assays. P. falciparum 3D7 and HB3 (8) were obtained from David Walliker (University of Edinburgh), MCAMP was obtained from Queensland Institute of Medical Research, PF120 and BT3 (Papua New Guinea) were obtained from Karen Day (New York University), CSL2 was obtained from CSL Pty. Ltd., and 7G8, FCR3, and W2mef have been described previously (11, 22, 36) . The genotypes of these parasite strains were confirmed (15) . 3D7⌬EBA-140, W2mef⌬EBA-140 (27) , 3D7⌬EBA-175, and W2mef⌬EBA-175 have been described previously (14) . EBA-140 and EBA-175 were equalized in serial dilutions of supernatants by immunoblotting. For binding assays, 500 l of culture supernatant was mixed with 100 l of erythrocytes for 30 min at room temperature and analyzed as described previously (17) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblot analysis, erythrocyte ghosts, and overlay assay. Proteins from parasite culture supernatants were separated on 3 to 8% Tris-acetate gels (Invitrogen). Western blotting onto nitrocellulose (0.45 m; Schleicher and Schuell) was performed according to standard protocols. Antibodies used for antigen detection in immunoblots were rabbit anti-EBA-175 (raised against the region between the F2 and the C-terminal cysteine-rich domain, amino acids 761 to 1271; 1:250) (41) and rabbit anti-EBA-140 (corresponding region, amino acids 746 to 1048; 1:250) (45) . The anti-EBA-181 antibodies were raised to a region between the F2 domain and the C-terminal cysteine-rich region encompassing amino acids 755 to 1339 of EBA-181 (19) . Human GYP A/B and GYP C were detected with the mouse monoclonal antibodies E3 (1:1,500) and E5 (1:1,000) (Sigma), respectively. Horseradish peroxidase-coupled sheep anti-rabbit immunoglobulin and sheep anti-mouse immunoglobulin (Silenus) were used as the secondary antibody to visualize the antigens with a chemiluminescence system (ECL; Amersham). In order to detect binding of ligands to erythrocyte membrane proteins, a binding assay was used as described previously (27, 35) . To quantify binding of EBAs, band intensities on immunoblots were determined with Quantity One software (Bio-Rad). Background was subtracted and values were adjusted for differences in EBA contents in supernatants. All bands representing each specific EBA ligand that bound to red blood cells were quantitated in each experiment. Bars represent the means of three independent experiments. Preparation of supernatant. Synchronized infected red blood cells at 5 to 10% parasitemia were neuraminidase/trypsin treated at the trophozoite stage to prevent reinvasion. The parasite culture was continued until schizont rupture and culture supernatant was harvested by centrifugation at 1,500 ϫ g for 5 min. This supernatant was further cleared from cellular debris by centrifugation at 3,000 ϫ g for 10 min at 4°C and stored at Ϫ20°C.
Antibody inhibition assay. Parasite erythrocyte invasion assays were performed to characterize the invasions of five different parasite lines (3D7, HB3, PF120, MCAMP, and W2mef) into normal and chymotrypsin-treated cells in the presence or absence of protein G-purified rabbit serum raised against EBA-140. Synchronized parasites were treated with or without chymotrypsin as follows. Ring-stage cultures at a 4% hematocrit were adjusted to 0.5% parasitemia. Two hundred milliliters of packed parasitized erythrocytes was resuspended in 4 ml incomplete medium (RPMI-1640, HEPES, 0.2% NaHCO 3 ) and was subsequently split, and one half was treated with 1.5 mg/ml chymotrypsin. Both treated and untreated cells were incubated for 1 h at 37°C on a rotating shaker. After being washed twice with incomplete medium, cells were incubated with trypsinchymotrypsin inhibitor (1 mg/ml in incomplete medium) for 15 min at 37°C on a rotating shaker. These were subsequently washed three times and resuspended in 5 ml complete medium (RPMI-1640, HEPES, 0.2% NaHCO 3 with 9% Albumax and 1% heat-inactivated human serum). Invasion assays were prepared with treated and untreated parasitized erythrocytes at a final hematocrit of 4% and a parasitemia level of 0.5%. One hundred-milliliter aliquots of each culture were placed into 96-well flat-bottom microtiter plates in three sets of triplicate wells. Protein G-purified rabbit serum (raised against the EBA-140 F2 domain) was added to the first triplicate wells of both treated and untreated cultures at a final concentration of 10 mg/ml in human tonicity phosphate-buffered saline (HTPBS). Protein G-purified normal rabbit serum was added to the second set of triplicate wells of both treated and untreated cultures at a final concentration of 10 mg/ml in HTPBS. The final set of triplicates did not contain antibody and were normal invasion controls. Control wells were smeared 72 h after assay preparation to determine the life cycle stage (mid-stage to late-stage trophozoites postreinvasion). Ten microliters of each resuspended assay well was added to 190 l of 10 mg/ml ethidium bromide in HTPBS. This was mixed and incubated for 5 min at room temperature. The level of parasitemia for each well was determined by use of FACScan. Assays were performed on at least three separate occasions to determine statistical significance.
Modeling of EBA-140 and EBA-181 and gene sequences. Models of EBA-140 and EBA-181 were created with the MODELLER (6v2) program (16) by using the X-ray crystal structure of EBA-175 (PDB accession code 1ZRL) as a template (46) and sequence alignments obtained from the FUGUE sequence-structure alignment program (42) . From 
RESULTS

Polymorphisms in EBA ligands and erythrocyte binding.
Previously, polymorphisms in EBA-140 and EBA-181 that have been suggested to alter host receptor specificity have been identified (29) . We sequenced the EBA-140, EBA-181, and EBA-175 genes, across the F1 and F2 regions (Fig. 1A) , of nine P. falciparum strains to identify those that expressed variant forms of EBA-140, EBA-181, and EBA-175 ( Fig. 1A and Table  1 ). No additional polymorphisms were identified in comparison to previous studies (27, 29) . Furthermore, sequencing across the F1/F2 region of the EBA-175 gene identified a high level of polymorphism, also in agreement with previous studies (Fig. 1A and Table 1 ) (6) .
To measure the strain-specific binding of EBAs, we employed an erythrocyte binding assay using supernatants containing released EBA-140, EBA-181, and EBA-175 (17) . Anti-EBA-140 antibodies detected three specific bands in supernatant, while two specific bands for EBA-175 and EBA-181 were observed ( Fig. 1B) (45) . Only the lower bands of EBA-140 bound to red blood cells. Dilution of the supernatants established a linear range of erythrocyte binding for EBA-140, EBA-175, and EBA-181 (Fig. 1C) . Antibodies used to detect binding were raised against a conserved region between the F2 domain and a distal cysteine-rich domain ( Fig. 1) , sequencing of which showed that this region was conserved except for a nine-aminoacid insert in EBA-181 ( Fig. 1A and Table 1 ). Antibody reactivity to each EBA in supernatants provided a means to equal-ize the concentrations of ligands. To confirm that the binding detected was linear, we quantified the signal by using densitometry ( 
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erythrocyte binding, we used supernatants from 3D7, MCAMP, Pf120, CSL2, HB3, 7G8, FCR3, and W2mef that represented five major allelic types (27, 29) . The amount of EBA-140 was equalized by Western blotting ( Fig. 2A) , and the antibodies used have been shown previously to react specifically to this parasite ligand by using EBA-140 knockout parasites that lack its expression (28) . The same supernatants were also probed with an antibody to EBA-175, with the levels of reactivity for the strains found to be similar ( Fig. 2A) . Supernatants containing approximately equal concentrations of EBA-140 were used to test binding to erythrocytes (Fig. 2B) . EBA-140 from 3D7 (INKK) bound to erythrocytes at higher levels than other EBA-140 variants ( Fig. 2B and C) . Overall, the strains fell into two groups with respect to binding of EBA-140: the first group (3D7, MCAMP, Pf120, and CSL2) bound at Ͼ60% of 3D7 binding, whereas the second group (HB3, 7G8, FCR3, and W2mef) bound at Ͻ40% of 3D7 binding (Fig. 2C ). Within the high-level-binding group, the EBA-140 protein from Pf120 and CSL2 (ISKK) differs by one amino acid from that of 3D7 (INKK) and showed a small but observable reduction in binding. In comparison, EBA-175 binding for the same supernatants showed no statistically significant difference between strains, despite the fact EBA-175 F1/F2 domains contain numerous variant residues (Fig. 2B and C and Table 1 ). This demonstrates that polymorphisms in the F1/F2 domain of EBA-140, but not EBA-175, affect binding affinity to their corresponding receptor. Sequence variants for EBA-181 have also been reported to affect receptor specificity in different parasite strains (29) . To determine the effect of EBA-181 F1/F2 polymorphisms, we used supernatants from 3D7, HB3, W2mef, CSL2, FCR3, Pf120, and 7G8 strains (representing seven different polymorphisms) (Table 1 ) equalized by Western blotting (Fig. 2D) . As described above, by using knockout parasites that lack EBA-181 expression, these antibodies have been shown to specifically react with EBA-181. As with EBA-140, binding affinity of EBA-181 from different strains varied greatly (Fig. 2E) . A fivefold difference in the level of EBA-181 binding for the different strains could be observed compared to the level of 3D7 EBA-181 binding ( Fig. 2E and F) . This was in contrast to EBA-175, for which binding was consistent regardless of the variant. This demonstrates that polymorphisms in the F1/F2 domain of EBA-181 affect binding affinity.
Binding of EBA-181 variants to erythrocytes. The identity of the EBA-181 receptor, though unknown, was originally defined by its sensitivity to neuraminidase and chymotrypsin, its resistance to trypsin treatment, and the fact that it was distinct from GYP B, which shares the same characteristics (19) . Mayer et al. (30) looked at the binding of different variant forms of EBA-181 (F1/F2 region), using transient expression on CHO cells. Six polymorphic sites in the F1/F2 region gave rise to four different erythrocyte binding patterns as defined by enzyme treatment, suggesting that EBA-181 may bind four distinct receptors. We tested the ability of native EBA-181 proteins from different strains to bind to neuraminidase-, trypsin-, and chymotrypsin-treated erythrocytes (Fig. 2E) . Contrary to the case for Mayer et al., native EBA-181 from culture supernatant for all strains bound to untreated and trypsin-treated cells, while binding was abolished when red blood cells were pretreated with neuraminidase or chymotrypsin (Fig. 2E) . Binding of 3D7 EBA-175 was determined and, as expected, identified a neuraminidase-and trypsin-sensitive but chymotrypsin-resistant receptor consistent with GYP A, the established receptor for EBA-175 (12) . This demonstrates that EBA-181 variants do not display differences in the enzyme profile of their binding to the erythrocyte surface.
Binding of EBA-140 variants to enzyme-treated erythrocytes. Polymorphisms in the F1/F2 region of EBA-140 have been reported to affect receptor specificity (30) . EBA-140 binds to GYP C, with its interaction defined by sensitivity to neuraminidase and trypsin and resistance to chymotrypsin treatment (45) . To investigate if F1/F2 sequence variations in EBA-140 mediate binding to erythrocyte receptors other than GYP C, we looked at binding of the different variants to enzyme-treated erythrocytes (Fig. 3, left column) . Although the intensities of the EBA-140 bands differed for the different strains, reflecting the affinity to the erythrocyte (Fig. 2B) , the susceptibility patterns remained the same irrespective of the variant (Fig. 3) . Significantly, none of the EBA-140 ligands from the different P. falciparum strains bound to neuraminidase-treated erythrocytes, confirming that detectable EBA-140 binding is dependent on sialic acid. Some binding to trypsintreated erythrocytes was observed, although this was reduced compared to the levels of binding to neuraminidase-and chymotrypsin-treated erythrocytes. Binding of EBA-140 from W2mef to trypsin-treated erythrocytes was at the lowest level However, this was observed for binding to normal and chymotrypsin-treated erythrocytes and reflects the lower apparent affinity of binding of this protein and not its specificity for an alternative receptor. Some variation in the ability of EBA-140 to bind to trypsin-treated erythrocytes has been reported (26, 28, 34, 45) , ranging between no binding and decreased binding; in our hands, this binding was dependent on the batch of trypsin and length of protease treatment. It is likely that some binding occurs through the interaction of EBA-140 with the trypsin-resistant receptor GYP B; however, this is clearly much less than the observed binding to GYP C. Despite the quantitative differences in binding seen between native EBA-140 proteins from different strains, all variants bound to GYP C as defined by receptor sensitivity. Therefore, the amino acid polymorphisms in the F1 domain are important for interaction between EBA-140 and GYP C, altering the apparent affinity of the ligand for the receptor. These results suggest that GYP C is the major receptor for the five polymorphic variants of EBA-140.
In order to assess the role of polymorphisms in interaction between EBA-140 and GYP C or other receptors, we investigated EBA binding with culture supernatants and solubilized erythrocyte membranes (Fig. 3, middle panel) (27) . For normal cells, a specific band at 35 kDa, the expected size for GYP C, could be detected. The intensity of that band varied depending on the supernatant used, consistent with binding observed for intact red blood cells (Fig. 2) . EBA-140 from 3D7 (INKK), MCAMP (INRE), Pf120 (ISKK), HB3 (VSKK), and W2mef (VSTK) were not able to bind to GYP C from neuraminidasetreated erythrocytes, consistent with the requirement for sialic acid on this receptor. Similarly, the ligands from all parasite strains were unable to bind GYP C from trypsin-treated erythrocytes, in line with the receptor's known sensitivity to this protease (Fig. 3, middle panel) . In contrast, EBA-140 bound to GYP C on chymotrypsin-treated erythrocytes, in line with this receptor's resistance to this protease. No differences were observed in the overall properties of the different polymorphic forms of EBA-140 binding to GYP C from solubilized erythrocyte membranes, although there were apparent differences in binding consistent with that seen for intact erythrocytes.
Binding of EBA-140 variants to GYP C mutant erythrocytes. It has been reported that EBA-140 can bind to mutant GYP C of Gerbich (Ge Ϫ2, Ϫ3, 4) and Yus (Ge Ϫ2, 3, 4) erythrocytes but not to Leach erythrocytes (Ge Ϫ2, Ϫ3, Ϫ4), the latter lacking expression of GYP C (26) . To analyze this and determine the properties of EBA-140 binding to normal GYP C and altered forms of this receptor, we used supernatants expressing different EBA-140 polymorphic variants in an overlay assay (Fig. 3, right panel) . The EBA-140 ligands from 3D7 (INKK), MCAMP (INRE), Pf120 (ISKK), HB3 (VSKK), and W2mef (VSTK) all bind GYP C from normal erythrocytes; however, in contrast to previous reports, none of these ligands showed erythrocyte binding in Yus, Ge-negative, Leach, or Yus/Gerbich heterozygote red blood cells, expressing altered forms or lacking GYP C entirely. In contrast, EBA-175 bound efficiently to GYP A from all of the different erythrocytes. These results show that EBA-140 cannot bind to the altered GYP C in Ge-negative erythrocytes and suggest that protein components of exon 2 and 3 of GYP C are important for EBA-140 binding.
Pathway usage in EBA knockout cell lines. To extend our observations across strains, we also explored the specificity of the red blood cell binding using supernatant from parasites deficient in EBA-140 or EBA-175. These transgenic cell lines were generated using both 3D7 and W2mef parental background, representing the spectrum of high and low levels of EBA-140 binding (Fig. 2B) . In overlay experiments, levels of binding of EBA-140 (Fig. 4A ) and EBA-175 (Fig. 4B ) to red blood cell membranes, purified glycophorins, and membranes of the GYP C mutant Gerbich (Ge Ϫ2, Ϫ3, 4) erythrocytes were determined. EBA-140 from 3D7 (INKK) binds to GYP C as shown in Fig. 4A in the lanes showing the results of overlay experiments for the parental line and 3D7⌬175 (a parasite lacking EBA-175 but not EBA-140). In contrast, for 3D7⌬140, which does not express EBA-140, there was no binding to GYP C. Similar assays were performed with a parallel series of wild-type and knockout W2mef parasite lines (W2mef has the VSTK haplotype of EBA-140), which, while showing decreased binding to the GYP C receptor, showed the same pattern of binding seen for 3D7. This suggests that W2mef EBA-140 (VSTK) binds less effectively to GYP C than 3D7 EBA-140 (INKK) does. Again, neither of these EBA-140 allelic forms was able to bind to mutant GYP C from the blood of Gerbich-negative individuals (Fig. 4A ), in agreement with results obtained previously (27) .
In contrast to the results of EBA-140 variant binding to GYP C, the divergent allelic forms of EBA-175 from 3D7 and W2mef showed no differences in binding to GYP A (Fig. 4C) . The EBA-175 ligands from both strains bound GYP A equally for solubilized erythrocyte membranes and glycophorins (Fig.  4C) . Similar binding was observed for Gerbich-negative erythrocytes, which express normal GYP A. This is consistent with   FIG. 4 . Invasion pathways in EBA-deficient cell lines. (A) Binding of EBA-140 to GYP C from erythrocyte ghost membranes (RBC), from purified glycophorins (GYP), or from Gerbich erythrocyte ghost membranes (Ge) by using overlay assays. The erythrocyte membranes or purified glycophorins after SDS-PAGE and transfer to nitrocellulose membrane were incubated with culture supernatant, and bound EBA-140 was detected with anti-EBA-140 (␣EBA-140) as indicated. The GYP C was detected in nitrocellulose membranes with anti-GYP C (␣GYP C) antibodies as a control. Supernatants were derived from parental or EBA-140-and EBA-175-deficient cell lines from both the 3D7 and W2mef backgrounds. The parasite strains from which the culture supernatant was taken for incubation with the filter are indicated on top of each panel. PBST lanes are negative controls in which PBS-Tween 20 rather than culture supernatant was incubated with the nitrocellulose membrane. EBA-140 does not bind to Ge-negative red blood cells as has been shown previously (28) . 3D7⌬140 and W2mef⌬140 lack expression of EBA-140 and therefore show no binding to GYP C. The far-right column corresponds to antibodies against GYP C after incubation with PBS-Tween 20 (PBST) as a control. the selection of EBA-175 polymorphisms for immune evasion rather than changes in affinity to its erythrocyte receptor (6) . The few polymorphic sites that separate EBA-140 in 3D7 and this protein in W2mef do not contain any signatures of positive selection as observed for EBA-175 and therefore do not appear to have been influenced by immune pressures (6) . Promiscuous EBA-140 binding. Previously, it has been shown that EBA-140 can bind to GYP A and GYP B in addition to GYP C (27) . Supporting this concept of promiscuity, EBA-140 from 3D7 (INKK) showed clear binding to homodimers of GYP A (Fig. 4B, upper band of doublet) and heterodimers of GYP A/B (Fig. 4B , lower band of doublet) compared to 3D7⌬140, which lacked expression of the ligand. In contrast, EBA-140 from W2mef (VSKK) showed barely detectable levels of binding (Fig. 4B) . Therefore, the amino acid polymorphisms in EBA-140, associated with decreased binding to GYP C, also decrease the binding to the GYP A homodimer and the GYP A/B heterodimer.
Function of variant EBA-140 ligands in merozoite invasion. Antibodies to the F2 region of EBA-140 have been shown to inhibit the function of this ligand in merozoite invasion (28) . Chymotrypsin treatment of erythrocytes enhances this effect by limiting receptors available on the erythrocyte surface, thereby reducing alternative invasion options (4, 27) and testing the importance of the chymotrypsin-resistant GYP C. Previously, using EBA-140-deficient parasites and Gerbich-negative erythrocytes, it was shown that these antibodies specifically inhibit EBA-140 function and block utilization of the EBA-140-GYP C invasion pathway (4, 27) . Inhibition of merozoite invasion by 3D7 parasites with anti-EBA-140 antibodies reduced invasion of untreated erythrocytes by approximately 20%. When these antibodies were used with chymotrypsin-treated erythrocytes, the inhibitory effect increased to 60%, similar to previous results ( Fig. 5) (27) . In contrast, the level of inhibition by these antibodies was decreased in MCAMP, Pf120, HB3, and W2mef, strains that express allelic forms of EBA-140. Although MCAMP and Pf120 showed significant inhibition with respect to invasion of chymotrypsin-treated erythrocytes, it was less than that observed for 3D7. Antibody inhibition was completely abolished in HB3 and W2mef. There was a direct correlation with respect to EBA-140 binding to GYP C (Fig. 2B ) and the ability of anti-EBA-140 antibodies to inhibit invasion. The region of the EBA-140 gene that encodes the recombinant protein to which the antibodies were raised was sequenced and shown to be identical in the six different parasite strains tested. Therefore, the differential inhibition cannot be explained by EBA-140 polymorphisms in the antibody binding region. As such, higher-level affinity binding to GYP C correlates with increased functionality of the EBA-140-GYP C invasion pathway. It also demonstrates functionally that EBA-140 allelic forms showing decreased binding to GYP C do not alter the receptor specificity of this invasion ligand. Analysis of 38 field isolates from The Gambia showed that there was a statistically significant association, suggesting that parasites containing valine (rather than isoleucine) at amino acid position 185 were more dependent on sialic acid (see Fig. S1 in the supplemental material) (5) .
Location of the polymorphisms in EBA-140, EBA-181, and EBA-175 three-dimensional structure. X-ray crystal structure of the F1 and F2 region from EBA-175 has been solved with three putative glycan binding sites identified on each of these domains, formed at the interfaces of a protein dimer (46) . The molecular surface of the residues putatively involved in contact with the glycan are shown in Fig. 6 . To rationalize the ability of polymorphic variants to alter receptor affinity or specificity, polymorphisms listed in Table 1 were mapped to this surface (Fig. 6) . The EBA-175 polymorphisms in F1 are located far from the putative glycan binding site, while in contrast, several of the polymorphisms in F2 occur in residues in close proximity to the glycan binding residues, although they do not interrupt the continuous surface of the putative glycan binding site. This is consistent with these polymorphisms not having any measurable effect on binding to GYP A. In comparison, the polymorphisms identified in EBA-140 all occur in F1 in depressions on the protein surface (Fig. 6) . The central exposed surface forms part of a deep pocket in the model of EBA-140 F1, and this residue would be juxtaposed with some of the putative glycan binding residues in an EBA-140 dimer. Polymorphisms in the model of EBA-181 are located away from the putative glycan binding residues (Fig. 6 ). The polymorphisms of both EBA-140 and EBA-181 are therefore in regions unlikely to have a direct effect on receptor binding and more likely exert minor changes on the structure of the protein that may be responsible for altering the affinity of binding.
DISCUSSION
EBA-140 and EBA-181 are important ligands involved in the mediation of invasion pathways used by P. falciparum when invading erythrocytes, interacting with specific sialic acid-containing receptors on erythrocytes (26, 27, 29) . Polymorphisms within the F1/F2 domain of these ligands have been identified previously (27, 29) , and it has been suggested that they mediate changes in receptor specificity (29) . We addressed this by analyzing variants of EBA-140 and EBA-181 for their abilities to bind to red blood cells and receptors and determining the effect of these residues, for EBA-140, on ligand function in invasion. We have shown that polymorphisms in EBA-140 alter overall binding to GYP C and there is a direct correlation (Fig. 1) . Levels of invasion inhibition in the presence of nonspecific antibodies (immunoglobulin G [IgG]) from normal rabbit serum (Pre IgG) and in the presence of EBA-140 F2 antibodies were compared. Error bars indicate confidence levels (␣ ϭ 0.1) of three independent experiments performed in triplicate. The anti-EBA-140 F2 antibodies have been described previously, and they have been proven to specifically inhibit the function of EBA-140 in these experiments (27) .
between binding and function of the EBA-140-GYP C invasion pathway. The polymorphisms in EBA-140 and EBA-181 play a role in determining overall binding to erythrocytes and consequently their function in invasion.
The ability of EBA-140 variants to bind to GYP C was in contrast to previous results suggesting that polymorphic forms may mediate binding to different receptors (29, 30) . The five variant EBA-140 ligands all bound GYP C and to some extent GYP A/B, with the amino acid differences determining the binding affinity to the receptor. The variants showing the lowest binding affinity to GYP C also demonstrated little or no detectable function in merozoite invasion assays, consistent with the requirement of a minimal affinity of binding for measurable participation in invasion. The function of EBA-140 appeared to be strongest in 3D7 (INKK), and the levels of function were decreased for MCAMP (INRE) and Pf120 (ISKK) and were essentially not measurable for the other variants. It has been suggested that the EBA-140 INRE, ISKK, and VSKK variants bind to receptors other than GYP C, as the F1/F2 domain expressed on COS cells had binding properties different from those of the VSTK form (29) . The results presented here for native EBA-140 show that GYP C is the major receptor for the variant EBA-140 forms. Different EBA-140 polymorphisms clearly affect the extent of binding to GYP C, and as a consequence, the overall function in merozoite invasion through the GYP C-EBA-140 invasion pathway.
The different results obtained in our study compared to those of previous studies (29, 30) may be partially attributed to the experimental systems. Previously, red blood cell binding had been assessed by expression of EBA-140 and EBA-181 F1/F2 domains on COS cells. It is difficult to verify correct folding of the F1/F2 domains, and this appears to have been an issue in expression of the paralogous domain from EBA-181 and its ability to bind to red blood cells (30) . Incorrect folding of the EBA-140 and EBA-181 domains on COS cells is likely to give inconsistent results in binding assays. Additionally, it is possible that other regions of EBA-140 and EBA-181 may contribute to the overall affinity of binding in a cooperative interaction. The binding of erythrocytes to COS cells expressing the F1/F2 domain of EBA-140 was scored as positive when five or more red blood cells were bound (29) . Subtle differences in binding due to altered affinity might be ablated and an artificial threshold might be created, leading to an equivocal result not allowing the measure of the true degree of binding. For comparison, we used native EBA-140 and EBA-181 from P. falciparum supernatants that include most of the ectodomain in direct binding assays with receptors as well as red blood cells. Importantly, we measured the function of the variant forms of EBA-140 in overall merozoite invasion by specific inhibition with anti-EBA-140 antibodies. The polymorphisms in EBA-140 clearly affect the ability to bind to GYP C and thus the ability to invade using this receptor. These results provide conclusive evidence that the different variant forms of EBA-140 bind and function in merozoite invasion through GYP C as the receptor but also that no other receptors contribute. The lack of measurable participation of the EBA-140 VSKK and INRE variants in merozoite invasion implies that even if there was binding to another receptor, it is not functionally relevant.
In this study, we showed that the EBA-140 variants do not bind to mutant GYP C in Gerbich-negative erythrocytes. Previous results, however, suggested that the INKK form of EBA-140 bound to these cells (26) . These experiments were performed by solubilization of EBA-140 bound to receptor on erythrocytes followed by immunoprecipitation of the complex by using anti-EBA-140 antibodies. This type of experiment would not take into account the ability of EBA-140 to bind to GYP A/B. We demonstrated here that the INKK form in particular binds to alternative glycophorins significantly much more than other variants, because of its generally increased receptor affinity. It is therefore likely that the observed binding to Gerbich-negative erythrocytes in the former study was due to binding to GYP A/B. This would be consistent with the reduced binding of EBA-140 to Gerbich-negative erythrocytes described previously (29) . The effect of EBA-140 and EBA-181 amino acid polymorphisms on binding to red blood cells was in contrast to that observed for EBA-175. EBA-175 shows extensive polymorphisms in the F1 and F2 regions, and these amino acid changes have no effect on its binding to its receptor, GYP A. This was consistent with EBA-175, where this ligand is under strong diversifying selection from host immune responses (6, 48) . In contrast, there was no departure of neutrality for EBA-140 or EBA-181, indicating no immunoselection of these gene products. Intriguingly, an association of expression levels between EBA-140 and EBA-175 was observed, and this may reflect a shared mechanism (7). Any EBA-175 polymorphisms selected appear to be neutral with respect to the affinity of ligandreceptor binding. This suggests that EBA-175 is an important parasite ligand in merozoite invasion in many strains; however, it is not absolutely essential (14) , suggesting that other parasite ligands, such as EBA-140 and EBA-181, play a supporting role.
The lack of diversifying selection for EBA-140 and EBA-181 (6) suggests that these ligands may be less dominant in merozoite invasion than in other ligand-receptor interactions. We have found no evidence for alternate receptors for the variant forms of EBA-181 and EBA-140, although they do bind to erythrocytes and receptors to different extents. It is possible that there is a selective advantage in allowing variability in affinity of EBA-140 to GYP C and EBA-181 to its receptor and therefore their participation in invasion. This is supported by the observation that parasites with V-185 in EBA-140 tend to be more dependent on sialic acid-dependent invasion pathways. Interestingly, four out of the five detected nucleotide exchanges result in amino acid changes, arguing against a random fluctuation and raising the question of selective pressures being involved in their generation. One possibility is that selection for different EBA-140 binding affinities to GYP C could be a strategy to circumvent host red blood cell polymorphisms, such as Gerbich negativity. Gerbich negativity is highly prevalent in regions of Papua New Guinea where malaria is endemic, but this negativity is rarely found in other parts of the world. However, the presence of all observed EBA-140 polymorphisms in Papua New Guinean, Gambian, and Brazilian isolates (6, 25, 27, 29) argues against this hypothesis. In addition, no obvious association between the geographical origin of the laboratory strains and the observed mutations was seen ( Table 1) .
The position of the polymorphisms in the EBA molecules is similar to what is seen in related molecules: in the P. vivax Duffy binding protein, for example, polymorphic sites are separate from the receptor binding site (44) and the molecule is released from micronemes just before binding to the erythrocyte receptor (47) , limiting exposure to the immune system. The polymorphic sites in the Var2CSA DBL domains are on exposed surfaces or on connecting loops, whereas the structural elements are semiconserved (9), a fact which is very much reflected in the polymorphic positions in EBA-181.
The absence of a signature of diversifying selection in EBA-140 and EBA-181 also might indicate that these proteins represent a more recently evolved invasion pathway for P. falciparum (6) . The dominance and therefore the possible evolutionary age of EBA-175-GYP A make sense. GYP A is one of the most abundant proteins on the red blood cell, and it is not surprising that invasion through this receptor, via EBA-175, would be more important than, for example, GYP C, which is present at lower levels (21) . Further support for a less significant role for EBA-140 and EBA-181 in merozoite invasion, in comparison to EBA-175, is the ability to disrupt the corresponding genes in most parasites so far attempted (13, 14) . In contrast, it does not seem to be possible to disrupt the EBA-175 gene in D10, in which the available invasion pathways appear to be limited (13) . Nevertheless, the availability of alternate ligands that are functionally homologous provides a backup for occasions when the function of the dominant pathway is blocked either from immune mechanisms or host red blood cell receptor polymorphisms and would be an advantage in avoiding host immune responses.
